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Abstract
The measurement of microwave emission from air showers initiated by ultra-high energy cosmic rays may open the
possibility of developing a novel detection technique. This new technique possesses the advantage of the ﬂuorescence
detection technique - the reconstruction of the longitudinal shower proﬁle - combined with a 100% duty cycle, minimal
atmospheric attenuation and the use of low cost commercial equipment. Placing prototype detectors at the Auger
site provides for coincidence detection of air showers using established methods, ultimately assessing the feasibility
of detecting air showers through microwave radiation. Two complementary techniques are currently being pursued
at the Pierre Auger Observatory. MIDAS (Microwave Detection of Air Showers), AMBER (Air-shower Microwave
Bremsstrahlung Experimental Radiometer), and FDWave are prototypes for large imaging dish antennas. EASIER
(Extensive Air Shower Identiﬁcation using Electron Radiometer), the second technique, utilizes horn antennas located
on each Auger Surface Detector station for detection of microwave emission. MIDAS is a self-triggering system while
AMBER, FDWave and EASIER use the trigger from the Auger detectors to record the microwave emission. The
development status and future plans for these measurements is reported.
c© 2011 Elsevier BV. Selection and/or peer-review under responsibility of the organizing committee for TIPP 2011.
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1. Introduction
Test beam measurements made by Gorham et al. in 2003 and 2004 suggest it may be possible to detect
extensive air showers (EAS) induced by ultra-high energy cosmic ray (UHECR) using radiation emitted in
the microwave regime [1]. The Pierre Auger Observatory collaboration has begun an R&D eﬀort aimed
at detecting extensive air showers in the microwave regime in coincidence with either the surface detector
(SD) or ﬂuorescence detector (FD) as a conﬁrmation of this detection technique. Currently, four unique
detector prototypes are being developed. Three of them are imaging detectors similar to the FD and the
fourth detector is a sparse array type detector more analogous to the SD.
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The microwave emission mechanism is expected to originate from the low energy scattering of electrons
created in the EAS plasma with neutral air molecules. This suggests that the microwave emission scales
with the number of secondary particles produced in the EAS. Measurements by Gorham et al. [1] showed
microwave emission scaling quadratically with varying beam energy when measured at the development
maximum. However, the emission strength at diﬀerent radiation lengths for a single energy fell between a
linear and quadratic scaling of emitting particle number. Given the number of unknowns, speciﬁcally the
diﬀerences in properties between a plasma created in EAS, the plasma created in the test beam set-up, and
a low temperature thermal plasma, it is a valuable exercise to build prototype detectors and search for this
emission mechanism in EAS.
Detection in the microwave has potential to provide a measurement of the EAS longitudinal develop-
ment analogous to the FD technique. Currently, measuring the longitudinal development of EAS is the best
way to deduce the composition of UHECR primaries and this is done primarily through FD observation
[2, 3]. At the moment these observations are statistics limited, especially at the highest energies, because
FD observations can only be made on clear, moonless nights which translates to a duty cycle of approxi-
mately 10%. Microwave observations present an attractive option in EAS detection because the detectors
can operate nearly continuously, providing a 100% duty cycle. Beyond continuous operation, microwave
detectors also beneﬁt from an extremely transparent atmosphere, with the attenuation less than 0.05 dB/km
at these frequencies [4], and do not require the same constant atmospheric monitoring like the FD [5]. The
third advantage a microwave detector has over FD is detector construction cost. The emission is expected
to be a broadband microwave spectrum covering a range from below 1 GHz to a frequency above 15 GHz.
Detectors can be built in this range using commercially available satellite communication hardware in the
C-band (3.4 GHz–4.2 GHz) and Ku-band (10.95 GHz–14.5 GHz).
2. MIDAS
The initial Microwave Detection of Air Showers (MIDAS) prototype was a 4.5 m parabolic reﬂector
located at the University of Chicago. The reﬂector is instrumented with a 53-pixel receiver which acts as an
imaging camera similar to an FD telescope. The pixels are arranged in a grid of 7 rows with 7 or 8 pixels
each, as seen in Fig. 1. At 3.5 GHz each pixel has a beamwidth of 1.5◦, giving the MIDAS detector a ﬁeld of
view (FOV) of approximately 20◦ × 10◦, slightly smaller than the FOV of a single ﬂuorescence telescope of
the Auger FD [6]. Each individual pixel is composed of a commercially available dual-polarized extended
C-band low noise block feed (LNBF). The LNBF, seen in Fig. 1, is a single unit device which acts as a wave
guide for the 3.4 GHz–4.2 GHz signal passing it through a low noise ampliﬁer and then through a frequency
down-convertor. One polarization can be selected for output at a time through a voltage regulated switch.
The resulting RF signal, at 950 MHz-1750 MHz, is passed through a commercially available RG-6 cable to
a RF power detector. The power detector converts RF power to a DC signal with a logarithmic response to
RF power over a 50 dB dynamic range. The power detectors have a typical time response of 100 ns. We
expect an EAS will have an average crossing time through the MIDAS camera of ≈ 10 μs making the power
detector response suﬃciently fast for detection.
The DC signal is then sent to a custom VME board designed by the Electronics Design Group of the
Enrico Fermi Institute. The VME board performs both analog-to-digital conversion (ADC) of the signal
and provides triggering logic implemented through a ﬁeld programmable gate array (FPGA). The MIDAS
ADC uses a 14-bit, 20 MHz digitizer instrumenting 16 channels on a single VME board. In the MIDAS
implementation triggering is done using a two level system. The ﬁrst level trigger (FLT) is a simple threshold
trigger on a 1 μs running sum of each pixel’s time stream signal. An example of a trigger trace is shown
in Fig. 2. The threshold is self-regulated keeping FLT rate constant at 100 Hz for each pixel individually.
A second level trigger (SLT) is then issued if 4-pixels have FLTs occurring within a 10 μs time window,
matching at least 1 of the 767 possible 4-pixel patterns corresponding to the pattern topology associated
with an EAS track. An example pattern is shown in Fig. 2. When an SLT is issued a 100 μs time trace from
all 53-pixels is written to disk. Each event contains a GPS nanosecond time tag for use in oﬄine analysis
when comparing to events from the Auger SD and FD. The rate of SLTs from random thermal noise events
is expected to be approximately 10−4 Hz with this trigger conﬁguration.
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Fig. 1. Left: 4.5 m parabolic reﬂector with 53-channel camera mounted at the prime focus. Right: Close-up view of 53 channel camera
in reﬂector’s focal plane and close-up of C-band LNBFs mounted on camera.
Fig. 2. Left: An example of 1 of 767 possible 4-pixel pattern topologies corresponding to the expected track through the MIDAS
camera for an EAS. Right: An example trace from a single pixel in the MIDAS camera triggered with an external pulsing antenna.
The black line is the raw time stream trace, the blue line is the 1 μs running sum trace, and the red line shows the level of the trigger
threshold. Pulse is negative because the power detectors operate with a reverse voltage bias.
The MIDAS prototype operated in stable data taking condition on the physics building roof at the Uni-
versity of Chicago for approximately six months before being disassembled and prepared for shipment to the
Pierre Auger Observatory in Argentina. During this time there was a large number of noise events observed
which had clear anthropogenic signatures. However, even in the noisy urban environment the MIDAS detec-
tor was still able to operate at close to 80% duty cycle over the entire period and at nearly 100% duty cycle
during quiet periods. During this period the telescope was also calibrated absolutely using the known radio
ﬂux from the Sun. From these calibration measurements we are able to deduce a system noise temperature
of order 100 K. The Moon and Crab Nebula (NGC 1952) were also observed with good agreement. The
Moon and Crab Nebula have microwave ﬂuxes of 1/100 and 1/1000 the solar microwave ﬂux, respectively.
These measurement sensitivities imply detectability of EAS down to 1018 eV, even in the linear scaling case.
In addition to the hardware development, an end-to-end Monte Carlo simulation has been developed for
the MIDAS instrument. The simulation employs a toy model for shower emission derived by combining the
one dimensional Gaisser-Hillas shower parameterization [7] with the emission values given by Gorham et al.
[1]. The microwave emission is then calibrated against the absolute measurement of the solar ﬂux for each
pixel and propagated through a full simulation of the detector optics and measured electronic responses. An
example of a simulated event with quadratic scaling can be seen in Fig. 3.
We are now in the process of installing the MIDAS camera and detector electronics on a 5.0 m parabolic
reﬂector located at the Pierre Auger Observatory. In the new conﬁguration, the MIDAS detector will be
located at the Los Leones FD site overlooking the SD array. We expect MIDAS to operate with a 100% duty
cycle at this location due to the much quieter RF environment of the observatory site. The SD and FD will
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Fig. 3. A Monte Carlo of a simulated detection of an EAS with the MIDAS experiment. The simulated shower energy is 1.15 × 1019
eV. Microwave ﬂux is simulated with the quadratic scaling scenario. Shower maximum is located 15.2km from the detector. The left
panels show time structure and geometry of the event. The upper right panel displays the raw traces from selected channels and the
lower right panel displays the 1 μs running sum trace which the system uses for triggering.
be used to provide information through oﬄine analysis for both triggered and non-triggered events.
3. AMBER
The Air-shower Microwave Bremsstrahlung Experimental Radiometer (AMBER) prototype is another
imaging microwave detector prototype at the Pierre Auger Observatory. The AMBER prototype consists of
a 2.4 m oﬀ-axis parabolic reﬂector instrumented with a camera composed of four central feed horns which
are dual-polarized and dual-band, working in both the C-band and Ku-band simultaneously. An outer ring
of 12 single polarized C-band feeds completes the feed horn array. The mechanics of the AMBER detector
can be seen in Fig. 4. Each feed has a beamwidth of 2.4◦ giving a full camera FOV of approximately
7◦ × 7◦. Each horn is instrumented with a commercially sourced low noise block (LNB) which contains a
low noise ampliﬁer and frequency down-convertor resulting in an output signal in the 1 GHz range. Like in
the MIDAS detector the down-converted RF signal is passed through a logarithmic power detector and then
digitized. The 12-bit ADC used in AMBER digitizes at a rate of 100 MHz and then holds the digitized trace
in a very large circular buﬀer (5 seconds). This extremely large data buﬀer is necessary because the AMBER
detector is triggered using an external trigger from the Auger SD. The SD trigger has an average latency of
three seconds. When a trigger is received from the SD, the returned shower geometry is cross-checked with
the AMBER FOV. If the EAS is conﬁrmed to be within the FOV a smaller, 100 μs, segment of data from
the buﬀer is written to disk based on the expected timing of an EAS event in the AMBER detector. This
smaller time trace can then be analyzed oﬄine to search for microwave emission coincident with the fully
reconstructed EAS.
Initial development and calibration of the AMBER camera took place at the University of Hawaii. The
camera’s noise ﬁgure and gain values were calibrated using a liquid nitrogen cold load and RF absorbing
material inside an anechoic chamber. A calibrated LNBwas then used to ﬁnd the noise ﬁgure of the parabolic
reﬂector. When combined the noise temperature for the system ranges from 45 K for the interior C-band
channels to 65 K for the exterior ring of C-band channels. The Ku-band channels on the interior feeds were
found to have a noise temperature of 100 K due to higher system temperature of the Ku LNBs. The AMBER
system is currently installed and taking data at the Coihueco FD site near the HEAT Telescope overlooking
the SD inﬁll array [8].
4. FDWave
The ﬁnal imaging detector design, FDWave, will use modiﬁcations to existing FD hardware at the Pierre
Auger Observatory. At the Los Leones site, the mirrors for the FD telescopes are 3.6 m spherical polished
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Fig. 4. Photo of the AMBER detector installed at the Coihueco site. The camera is seen on the right with the outer ring of 12 feed
horns arranged in four groups of three. A large ground shield has been constructed out of copper mesh.
aluminum reﬂectors. The reﬂectors are designed for use in the UV, but will also work appropriately well as
reﬂectors in the microwave regime. The sixth FD telescope at the Los Leones site has a UV camera with 264
photomultiplier tubes (PMTs), leaving 176 empty cells as shown in Fig. 5. The FDWave prototype plans
to take advantage of these empty camera cells by ﬁlling some of them with appropriately sized LNBFs that
match existing hardware constraints. Size scale constraints of the mounting cells on the camera restrict feed
horn diameter to 40 mm which requires going to frequencies above 9 GHz. The current plan is to instrument
the camera with Ku-band LNBFs with power detectors, like those of MIDAS and AMBER, and digitize the
signal using the existing ADC electronics from the FD camera. FDWave will operate in a passive mode,
writing time stream data when the FD Camera is triggered. The RF detectors will not participate in trigger
logic nor will they be able to trigger on signals themselves.
Fig. 5. Left: Drawing of Los Leones Bay 6 FD camera. Red hexagons are location of empty pmt camera cells. A subset of these cells
will be ﬁlled with LNBFs. Right: Reconstruction of FD trace in camera. Colored hexagons represent detection time with red being
latest detected signal. The blue ellipse indicates where the shower trace would extend into the empty part of the camera which will
contain the LNBFs for FDWave.
Full optics simulations show the FDWave prototype would have a pixel beamwidth of approximately 0.7◦
and a telescope eﬀective area of 1.35 m2. This implies sensitivities in the microwave emission for showers
as low as 3 × 1018 eV. Because FDWave will be triggered by the FD camera, it will be very simple to use
the reconstructed geometry and timing of the EAS track through the camera to stack RF time stream data
and perform a deeper analysis to search for microwave emission greatly improving sensitivity. Feasibility
studies are ongoing and we plan to deploy FDWave in the coming year.
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5. EASIER
The Extensive Air Shower Identiﬁcation using Electron Radiometer (EASIER) prototype is a sparse
array detector which also relies on the existing hardware of the Auger Observatory. The EASIER prototype
has two unique detectors in its design, a MHz component aimed at detecting geosynchrotron emission and
a GHz component which is designed to look for the existence of molecular bremsstrahlung emission. The
GHz design for the EASIER prototype uses commercially sourced C-band LNBFs similar to the MIDAS
prototype. In EASIER, however, there is no large reﬂector to gather microwaves. Each LNBF is mounted
directly above a SD tank of the Pierre Auger Observatory and pointing at the zenith, as seen in Fig. 6. Like
MIDAS the RF signal is passed through an analog power detector, but additional signal conditioning and a
DC oﬀset are applied after the power detector by a small custom device. This makes the time stream data
suitable to be fed into the Auger Uniﬁed Board and digitized with the existing ADC of the SD tank at 40
MHz [9]. Like FDWave, EASIER collects data in a passive mode, writing time stream traces only when
the SD tank triggers. The RF channel can not trigger itself and does not interfere with the triggering or
operation of the SD array.
Fig. 6. One of six GHz antennas installed for EASIER. The GHz antenna is on the right pointing at the zenith with a radome cover.
A commercial C-band LNBF typically has a 60◦ ﬁeld of view, which gives an approximate antenna
eﬀective area of 6 × 10−3 m2 at 3.5 GHz. While this is considerably smaller than the eﬀective collecting
area of the imaging detectors mentioned above, EASIER beneﬁts from being much closer to the emitting
portion of the EAS plasma. From Monte Carlo simulations a typical EAS shower maximum will be ≈ 3
km from one of the EASIER antennas, compared with the shower maximum occuring  10 km from the
imaging detectors for a typical EAS. The shower travel direction for a typical EAS will be in the line of
sight for the EASIER antenna. This geometry provides an additional enhancement in received ﬂux due to
time compression in the signal.
The MHz detector shares the same conceptual design, but operates in a diﬀerent frequency range, ob-
serving a diﬀerent EAS emission mechanism. The antennas used in the MHz have a ﬂat dipole design, like
those used in CODALEMA [10]. These antennas are attached to 36 dB LNAs operating in a frequency
range of 30 MHz to 70 MHz, restricted by ﬁltering. In the current deployment of EASIER 14 SD tanks
are instrumented, seven with MHz detectors and seven with GHz detectors. These detectors are arranged
in two separate hexagons on the southern side of the SD array near the Los Leones FD site. In the current
design plan the MIDAS detector, when installed, will overlook the GHz detectors of EASIER. This will
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allow an additional level of information, comparing data from diﬀerent detectors, when searching for EAS
microwave emission.
Fig. 7. Example of an EASIER MHz event in Auger SD event display. Top left panel shows location of triggered tanks on SD, blue
hexagon outlines tanks with MHz antennas. Right panels show time stream traces from MHz antenna (Top) and SD PMTs (Bottom).
Currently, both the MHz and GHz EASIER set-ups are installed and taking data. Geosynchrotron emis-
sion coincident with signal in the SD tank has been observed with the MHz antenna. An example of an event
is shown in Fig. 7, with analysis ongoing. EASIER, like AMBER and FDWave, will beneﬁt from being
externally triggered, allowing the detector to reach signal-to-noise ratios much lower than a self-triggered
detector. Through stacking analysis it may be possible to reach below a signal-to-noise ratio of 1, however,
this is entirely dependent on shower reconstruction.
6. Conclusion
Currently, four microwave detection systems are being installed at the site of the Pierre Auger Observa-
tory. This R&D eﬀort will be exploring the viability of the new detection method with the goal of observing
EAS events coincident with either the SD or FD of the Auger Observatory. Upon success, the detector
systems will be combined and streamlined into a single R&D eﬀort moving forward towards full detection
coverage in the microwave regime.
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